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MinireviewSmall RNAs in Bacteria: Diverse
Regulators of Gene Expression
in Response to Environmental Changes
mutS, and miaA mRNAs, potentially through effects on
their secondary structures and/or accessibility to ribo-
somes. In contrast, Hfq protein increases the stability
of several sRNAs, including DsrA and Spot42 RNAs. It
is clear, however, that Hfq can also function indepen-
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dently of effects on RNA stability, for instance with OxyS
RNA, whose stability is not influenced by Hfq.
OxyS RNA is induced in response to hydrogen perox-Bacterial small, untranslated RNAs are important reg-
ide stress, and was one of the first sRNAs of the Hfqulators that often act to transmit environmental signals
family to be analyzed. OxyS RNA inhibits the translationwhen cells encounter suboptimal or stressful growth
of two target genes, fhlA and rpoS, and this activityconditions. These RNAs help modulate changes in cel-
requires Hfq (see Argaman and Altuvia, 2000; Zhang etlular metabolism to optimize utilization of available
al., 2002, and references within). fhlA encodes a tran-nutrients and improve the probability for survival.
scriptional activator of the formate regulon. OxyS RNA
basepairs near the ribosome binding site (RBS) on theIt is now clear that all organisms contain a wealth of
fhlA mRNA and blocks ribosome binding (see Figuresmall, untranslated RNAs (sRNAs) other than tRNAs and
1A). For optimal OxyS RNA inhibition of fhlA, there is anrRNAs that function in a variety of cellular processes
additional base pairing interaction with a region within(reviewed in Eddy, 2001). The abundance and diversity
the coding sequence of fhlA, illustrating that the locationof this class of macromolecules in bacteria has only
of base pairing need not be limited to the RBS to inhibitrecently begun to be realized. The first bacterial sRNAs
translation. The second well-studied OxyS RNA target,were identified more than 30 years ago due to their high
rpoS, encodes S, which is an alternative sigma factorabundance during normal laboratory growth of cells.
important for growth in stationary phase and during gen-Other sRNAs were identified based on their association
eral stress response. There are regions of potential basewith proteins of interest, as unexpected RNA transcripts
pairing between OxyS RNA and rpoS, suggesting thatobserved during analysis of promoters of neighboring
translational inhibition may occur through base pairinggenes, or as genomic fragments that exhibit growth phe-
as well. Although additional targets for OxyS RNA regu-notypes when present on multicopy plasmids. In the
lation have been postulated, they await testing. Thus,past year, genomic searches for sRNA genes have led
OxyS RNA regulates a general stress factor (S) in re-to an explosion in the identification of new sRNAs in E.
sponse to hydrogen peroxide stress, creating a link be-coli (see Eddy, 2001, and references within). The biologi-
tween two different regulatory networks that may pre-cal functions of all but the most recently identified
vent an undesired response.sRNAs have been elucidated through a variety of ap-
Surprisingly, in addition to OxyS RNA, two other Hfqproaches, but the precise details of their mechanisms
family sRNAs (DsrA RNA and RprA RNA) regulate rpoS,of action are not yet fully understood. Nevertheless, it
although in these cases, rpoS translation is activatedis clear that sRNAs function as central regulators in
(reviewed in Lease and Belfort, 2000; see also Majdalaniresponse to diverse environmental growth conditions.
et al., 1998, 2001). Normal rpoS translation is regulatedThis review discusses several E. coli sRNAs to highlight
through an extended 5 region that is predicted to form
the variety of ways in which sRNAs can regulate gene
a complex secondary structure and to decrease acces-
expression and the physiological conditions under
sibility of the rpoS mRNA to the translation machinery
which they are believed to function. (reviewed in Hengge-Aronis, 2000). DsrA RNA is believed
Posttranscriptional Regulation to relieve the inhibitory secondary structure of rpoS
of Gene Expression mRNA, thereby allowing translation to proceed. DsrA
Several bacterial sRNAs regulate expression of target RNA regulation of rpoS occurs during low temperature
genes at the posttranscriptional level using similar meth- growth when DsrA RNA accumulates. It has been postu-
ods, suggesting that they define a family of sRNAs. Key lated that decreased temperatures strengthen the inhibi-
characteristics of this family are efficient binding to the tory structure of the rpoS mRNA and thus DsrA RNA is
Hfq protein, and use of RNA base pairing interactions required to relieve it. Hfq protein stabilizes DsrA RNA
to regulate expression of target mRNAs. Hfq is a highly and is required for DsrA RNA activity. DsrA RNA also
conserved, very abundant protein that has been impli- has been implicated in regulation of H-NS, another
cated in a number of RNA-mediated events (see Møller global stress factor. In this case, DsrA RNA inhibits hns
et al., 2002a; Zhang et al., 2002, and references within). translation through base pairing interactions near the
It is believed to contribute to structural changes of some RBS. Additional targets of DsrA RNA regulation have
RNAs and to modify the stability of others. Hfq was first been proposed, but they remain to be tested. Neverthe-
identified as a host factor (also called HF-1) required less, DsrA RNA acts via RNA base pairing to at least two
for Q bacteriophage replication, where it functions to target genes, leading to opposite effects on translation.
mediate structural changes of this RNA phage. Hfq is DsrA RNA activates one stress regulator (rpoS) while
also believed to interact with and destabilize the ompA, inhibiting another (hns), and thus may play a role in fine-
tuning and cross-communication of regulatory networks
in the cell.1Correspondence: wassarman@bact.wisc.edu
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Figure 1. Models for sRNA Function
The nature of RprA RNA-mediated upregulation of clude targeted degradation of the mRNA or generation
of a premature transcription termination signal. RyhBrpoS translation is not yet known; no direct base pairing
between RprA RNA and rpoS mRNA has been shown. RNA expression is inhibited by Fur (ferric uptake repres-
sor), suggesting RyhB RNA is utilized under low ironRprA and DsrA RNAs both have been shown to regulate
rpoS translation during osmotic stress providing a third conditions. Interestingly, RyhB RNA downregulates a
number of additional proteins that store or use iron thatenvironmental condition under which sRNAs regulate
rpoS expression. It was originally thought that Hfq was were previously found by genetic analysis to be posi-
tively regulated by Fur. It therefore appears that RyhBdirectly required to upregulate rpoS translation through
changes in secondary structure of the rpoS mRNA. The RNA is the direct effector of these genes, and it has
been postulated that RyhB RNA is one way to regulatefindings that at least three sRNAs regulate rpoS transla-
tion through interactions with the 5 extended region of and establish priorities of iron usage.
Another sRNA that functions through RNA basepair-the mRNA, and that they all require Hfq, suggest that
the effects of Hfq on rpoS may be fully dependent on ing to alter target gene translation and stability is MicF
RNA (reviewed in Delihas and Forst, 2001). MicF RNAsRNA function as well. Alternatively, Hfq may act on
rpoS mRNA directly, in addition to mediating effects inhibits ompF translation by blocking ribosome binding,
and ultimately destabilizing ompF mRNA. OmpF is anthrough multiple sRNAs. Further experiments are there-
fore required to obtain a complete understanding of outer membrane porin and has a major role in determin-
ing the permeability of the outer membrane to environ-rpoS translational regulation at all levels. The fact that
three sRNAs regulate this target, albeit under different mental compounds. MicF RNA expression, and there-
fore its regulation of ompF, responds to a variety ofgrowth conditions, also raises the question of whether
rpoS is distinctive and especially susceptible for sRNA environmental signals such as changes in osmolarity,
temperature, and oxidative stress. ompF appears to beaction, or whether it is an indication of the vast potential
for sRNA regulation that previously has been largely the only MicF RNA target, but given the crucial role of
ompF in appropriate response to cellular stresses, MicFoverlooked.
In contrast to the direct effects on translation dis- RNA must be considered a central regulator as well.
MicF RNA functions in a manner similar to the Hfq familycussed above, one of the newest members of the Hfq
family of sRNAs, RyhB, inhibits expression of a target of sRNAs, but it is not known if MicF RNA interacts with
Hfq. However, an RNA binding protein, StpA, has beengene using a different mechanism (Masse´ and Gottes-
man, 2002). RyhB RNA can base pair within the shown by genetic analysis to affect both ompF expres-
sion and MicF RNA stability, suggesting it could be func-sdhCDAB operon, which encodes succinate dehydroge-
nase and is required for growth on succinate. In the tioning analogously to Hfq in this system. If StpA and
MicF RNA form a stable complex required for MicF RNApresence of RyhB RNA, full-length sdhCDAB mRNA was
not detected, but a shorter mRNA corresponding to the function, it is tempting to speculate that additional
sRNAs may interact with StpA and that this protein couldregion upstream of the RyhB RNA interaction was ob-
served. Cells overproducing RyhB RNA grow poorly on define another bacterial sRNA family.
Recently, Hfq has been found to be a member of thesuccinate. Possible models for RyhB RNA function in-
Minireview
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Sm protein family (Møller et al., 2002a; Zhang et al., regulator during stationary phase. In this way, 6S RNA
2002). Sm and Sm-like proteins are important compo- may be a fourth sRNA contributing to rpoS activity, even
nents of spliceosomal sRNA complexes, in addition to though 6S RNA regulation is indirect and does not affect
their roles in a number of RNA metabolism steps in S protein levels. It was unanticipated that an sRNA
eukaryotes. Although it is not fully understood how the would act through direct modification of the transcrip-
Sm family of proteins works mechanistically, it has been tion machinery.
proposed that Hfq facilitates RNA base pairing between Another sRNA that acts directly on the general gene
sRNAs and their target RNAs. Many of the effects of expression machinery is tmRNA. This sRNA utilizes
Hfq on mRNA structure and stability have been studied structural similarity to tRNA in addition to an open read-
primarily using genetic approaches that clearly define ing frame to carry out an extraordinary trans-translation
the requirement of hfq, but do not eliminate the possibil- reaction that is ubiquitous in bacteria (reviewed in Karzai
ity of additional factors. Given the large number of new et al., 2000; and Gillet and Felden, 2001). In cases where
sRNAs that bind Hfq, and the fact that the known Hfq a ribosome is arrested on an mRNA, for instance due
binding sRNAs function through changes in structure, to lack of a stop codon, tmRNA can enter the A site of
ribosome association, and potentially stability of target the ribosome in a manner similar to a normal tRNA (see
mRNAs, it is possible that some, if not many, of the Figure 1C). By an unknown mechanism, tmRNA causes
effects of Hfq on mRNAs may involve sRNAs as well. the ribosome to release the mRNA and resume transla-
Distinguishing direct effects of Hfq on mRNA expression tion using a short ORF encoded within tmRNA. This
from the effects of sRNAs that require Hfq for activity, process serves to release the stalled ribosome and adds
as well as determining the mechanism of Hfq action in all a peptide-tag sequence to the end of the synthesized
these events will await further genetic and biochemical protein marking it for degradation. tmRNA may function
studies. in the context of a larger ribonucleoprotein complex. Its
Regulation of Protein Activity to Alter activity requires the SmpB protein, but precise mecha-
Gene Expression nistic details remain to be worked out. tmRNA-deficient
Other sRNAs in bacteria use mechanisms that are dis- E. coli display a variety of subtle phenotypes including
tinct from those used by the Hfq family. For instance, slow growth at high temperature and slow recovery from
the CsrB RNA acts by binding multiple copies of the carbon starvation. In other bacteria such as Neisseria
CsrA protein and is believed to reduce CsrA activity by gonorrhoeae and M. pneumoniae, tmRNA is essential
sequestering the protein from its targets (reviewed in for growth; in Salmonella typhimurium, tmRNA is re-
Romeo, 1998; see also Jackson et al., 2002, and refer- quired for survival in macrophages but not for growth
ences within). The highly conserved CsrA protein is a in culture. Clearly, sensitivity to tmRNA defects depends
global regulator of carbon metabolism that also has a on bacterial species and growth conditions. However,
role in bacterial virulence and biofilm development. CsrA suboptimal or stressful growth conditions appear to ren-
activity in the cell correlates with changes in the level der cells more sensitive to tmRNA activity, suggesting
of CsrB RNA, whose levels in turn respond to changes that tmRNA is also important for adaptation and the
in concentration of CsrA protein, creating an autoregula- ability of cells to survive varied environments.
tory feedback loop. It has been postulated that the CsrA/ Summary
CsrB RNA ratio is one important determinant of CsrA As should be abundantly clear from the description of
activity. However, environmental conditions that dra- even this subset, sRNAs function using diverse mecha-
matically change this ratio have not yet been identified, nisms under a variety of growth conditions. RNA base
suggesting additional complexities in this system. Al- pairing interactions have been shown to alter mRNA
though CsrB RNA regulates only one target, the global structure and/or stability, resulting in inhibition or pro-
role of CsrA as a regulator of metabolism makes CsrB motion of ribosome binding, and ultimately changing
RNA a central regulator as well.
translational efficiency. Direct interaction with and inhi-
The 6S RNA also alters protein activity through direct
bition of a specific transcription factor can directly affect
interaction; it binds RNA polymerase (RNAP) (Wassar-
downstream gene expression. Modification of generalman and Storz, 2000). RNAP mediates changes in gene
gene expression machinery (RNA polymerase or ribo-expression by utilizing different sigma factors that are
somes) also has direct effects on gene expression.often regulated in response to changes in environmental
When cells face suboptimal chemical or physical condi-conditions. 6S RNA specifically interacts with the
tions, global regulatory networks must be coordinated“housekeeping” form of RNAP that contains 70, makes
to optimize the use of available nutrients and to increasedirect contact with the 70 subunit within RNAP, and
the chance of survival. In many cases, sRNAs add an-decreases transcription from 70-dependent promoters.
other layer of regulation to these systems and the dis-Since  subunits recognize and interact directly with
covery of their roles has therefore improved our globalpromoter DNA, it has been postulated that this RNA may
understanding of these networks. Although most of theact by competing for RNAP binding to promoters (see
work described here focuses on E. coli, many sRNAsFigure 1B). 6S RNA accumulates to high levels during
are highly conserved in other bacteria. In cases wherestationary phase when an alternative sigma factor, S,
nonconserved sRNAs have been studied in other spe-is important for setting up and maintaining stationary
cies, they have highlighted the ubiquitous nature ofphase to survive in nutrient-poor conditions. During sta-
sRNA regulation and expanded the scope of possibletionary phase, S-containing RNAP mediates the major-
conditions under which sRNAs function. It seems quiteity of transcription in spite of sustained high levels of
reasonable to assume that the role of sRNAs in regula-70. By blocking 70-dependent transcription, 6S RNA
may be one mechanism to allow S to be an effective tion of bacterial responses to environmental changes
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will continue to grow and to expand our understanding
of how cells adapt to and survive these changes.
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